Tubulobulbar complexes are cytoskeleton-related membrane structures that develop at sites of intercellular attachment in mammalian seminiferous epithelium. At apical junctions between Sertoli cells and spermatids, the structures internalize adhesion junctions and are a component of the sperm release mechanism. Here we explore the possibility that tubulobulbar complexes that form at the blood-testis barrier are subcellular machines that internalize basal junction complexes. Using electron microscopy, we confirmed that morphologically identifiable tight and gap junctions are present in basal tubulobulbar complexes in rats. In addition, immunological probes for claudin-11 (CLDN11), connexin-43 (GJA1), and nectin-2 (PVRL2) react with linear structures at the light level that we interpret as tubulobulbar complexes, and probes for early endosome antigen 1 (EEA1) and Rab5 (RAB5A) react in similar locations. Significantly, fluorescence patterns for actin and claudin-11 indicate that the amount of junction present is dramatically reduced over the time period that tubulobulbar complexes are known to be most prevalent during spermatogenesis. We also demonstrated, using electron microscopy and fluorescence microscopy, that tubulobulbar complexes develop at basal junctions in primary cultures of Sertoli cells and that like their in vivo counterparts, the structures contain junction proteins. We use this culture system together with transfection techniques to show that junction proteins from one transfected cell occur in structures that project into adjacent nontransfected cells as predicted by the junction internalization hypothesis. On the basis of our findings, we present a new model for basal junction remodeling as it relates to spermatocyte translocation in the seminiferous epithelium.
INTRODUCTION
Intercellular junction turnover is a fundamental property of cells. It not only is important during morphogenesis but also occurs during epithelial renewal, the movement of cells between compartments, and tumor progression. A currently accepted model for junction disassembly is one in which integral membrane junction molecules in adjacent cells detach from each other and are internalized into each of the parent cells by conventional mechanisms of endocytosis [1] [2] [3] [4] or macropinocytosis [5] [6] [7] . An exception to this occurs with gap junctions that are internalized as intact junctions in large double-membrane vesicles into one or the other of the attached cells [8] [9] [10] in a clathrin-mediated fashion [11] . An entirely different mechanism of junction internalization may occur at basal junction complexes between Sertoli cells in seminiferous epithelium of the mammalian testis.
In seminiferous epithelium, the translocation of spermatocytes from basal to adluminal compartments through massive and basally situated intercellular junctions between Sertoli cells is fundamental to male fertility. The adluminal compartment is where spermatocytes complete meiosis and the resulting haploid spermatids ultimately differentiate into male gametes that are released from the epithelium as spermatozoa. During the translocation event, junctions disassemble above spermatocytes and simultaneously assemble below [12, 13] , thereby maintaining the Sertoli cell permeability barrier and the integrity of the adluminal compartment of the epithelium. In addition, unique subcellular structures called tubulobulbar complexes form at basal junctions in the seminiferous epithelium and are hypothesized to internalize junctions into one or the other of the attached Sertoli cells [14] .
Tubulobulbar complexes at basal junctions in seminiferous epithelium consist of long tubular extensions from one Sertoli cell that project into corresponding invaginations of the neighboring Sertoli cell (Fig. 1) [14] . This double-membrane core is cuffed by a network of actin filaments along its length, and at the tip of the complex is a coated pit. The distal third of the double-membrane tube becomes swollen and the actin cuff is replaced by a cistern of endoplasmic reticulum. This bulbar region eventually buds off from the complex and is internalized by the Sertoli cell [15] .
Since their discovery over 4 decades ago, there have been few detailed studies of basal tubulobulbar complexes, and the structures have generally been ignored in discussions of spermatocyte translocation, even though the literature on Sertoli cell junction turnover and regulation is extensive [16] [17] [18] [19] [20] [21] [22] [23] . This is somewhat surprising because the complexes have long been speculated to be involved with basal junction turnover [15, 24, 25] , and similar tubulobulbar complexes that form at apical sites of attachment between Sertoli cells and mature spermatids have been shown both to internalize adhesion junctions [26] [27] [28] and to be linked to the mechanism of sperm release [29] [30] [31] . In addition, there is a burst in basal tubulobulbar complex formation that precedes the translocation of spermatocytes from basal to adluminal compartments of the epithelium [15] , an observation consistent with a role in junction remodeling associated with the translocation event.
Our hypothesis for tubulobulbar function generally in the seminiferous epithelium is that they internalize junctions into Sertoli cells.
The lack of studies of basal tubulobulbar complexes is likely the result of a number of factors. First, the structures are notoriously difficult to distinguish from elements of the junction complex by using conventional fluorescence microscopy. Second, unlike apical tubulobulbar complexes that are clustered in specific regions adjacent to spermatid heads, basal complexes do not cluster at any specific and predictable location at the belt-like junctions between neighboring Sertoli cells. Third, basal complexes cannot be isolated in a similar fashion to apical complexes for visualization at high resolution. An additional problem for studying tubulobulbar complexes in general is that no model system has been developed for experimentally manipulating the structures in vitro.
Here, we show by electron microscopy that basal tubulobulbar complexes in vivo often occur in pockets or folds formed by intercellular junctions, and we confirm an earlier report [14] that found tight and gap junctions are present within the complexes. We extend these results by using confocal microscopy examination of perfusion-fixed sections of rat testes immunolabeled for the major protein components nectin-2 [32] , claudin-11 [33, 34] , and connexin-43 [35] [36] [37] of adhesion, tight, and gap junctions in the epithelium to show that junction proteins are indeed present in the structures. Significantly, we show that the early endocytic markers early endosomal antigen 1 (EEA1) and Rab5 are situated in similar locations. In addition, there appears to be less basal junction present at stage VII than at stage V, an observation that correlates with the time during which basal tubulobulbar complexes are known to be most active during spermatogenesis. We demonstrate for the first time that tubulobulbar complexes develop in a primary Sertoli cell culture system. Furthermore, we use this in vitro model system together with immunofluorescence and transfection techniques to show that like their in vivo counterparts, the structures contain junction proteins. In addition, tight junctions (membrane kisses) are visible in the structures when evaluated by electron microscopy. We conclude that basal tubulobulbar complexes likely internalize intercellular junctions between Sertoli cells and therefore may significantly contribute to junction remodeling at the blood-testis barrier and to the mechanism by which spermatocytes translocate from basal to adluminal compartments of the seminiferous epithelium.
MATERIALS AND METHODS

Animals
All animals used in the study were Sprague-Dawley rats obtained from Charles River (Sherbrooke, QC, Canada). They were housed and used in accordance with guidelines established by the Canadian Council on Animal Care and according to protocols approved by the Animal Care Committee of the University of British Columbia. Twenty-day-old pups were obtained from a small breeding colony maintained in our animal care facility.
Primary Sertoli Cell Culture
Primary Sertoli cell cultures were prepared based on established protocols [38] [39] [40] . In our hands, the cultures were approximately 85% Sertoli cells, with contaminants being germ cells and myoid cells.
One day prior to Sertoli cell isolation, a cell culture plate was prepared by adding cell culture inserts (a bottom filter membrane containing 1-lm-sized pores; Falcon; BD Biosciences, Mississauga, ON, Canada) into wells of a Falcon 24-well Multiwell plate (BD Biosciences). Matrigel (BD Biosciences) was diluted 1:5 with Dulbecco modified Eagle medium (DMEM)/F12 medium containing L-glutamine and antibiotics, and 50 ll of diluted Matrigel was used to coat each filter membrane. Diluted Matrigel was allowed to polymerize at 378C overnight.
To isolate Sertoli cells from fresh rat testicular tissue, 20-day-old SpragueDawley rat pups (Charles River strain) were put under deep anesthesia with isoflurane and euthanized by decapitation, and then their testes were removed. Testes were decapsulated, minced into a fine slurry, and transferred to a sterile dissociation flask (Fisher Scientific, Ottawa, ON, Canada) containing 20 ml of enzyme solution 1 (DMEM/F12 containing 1.5 mg/ml trypsin [Stemcell Technologies, Vancouver, BC, Canada], 40 lg/ml crude deoxyribonuclease I [Sigma-Aldrich, Oakville, ON, Canada], 250 ng/ml Fungizone [HyClone, Logan, UT], 100 U/ml penicillin [Stemcell Technologies], and 0.1 mg/ml streptomycin [Stemcell Technologies]). All enzymatic digestions of testicular tissue were carried out in sterile glass dissociation flasks that were swirled in a 378C water bath. Testicular tissue was enzymatically digested in enzyme solution 1 for 25 min. Twenty milliliters of DMEM/F12 containing 5% fetal bovine serum (FBS) was added to the flask to stop enzyme activities. Digested tissue was centrifuged at 600 3 g for 5 min at room temperature, and the supernatant was removed, leaving a loose pellet. The pellet was washed twice with 10 ml of washing solution (DMEM/F12 containing L-glutamine and antibiotic agents). After washing, the pellet was resuspended in 20 ml of enzyme solution 2 (DMEM/F12 containing 2 mg/ml collagenase type I [Invitrogen, Burlington, ON, Canada], 2 mg/ml hyaluronidase type I-S [SigmaAldrich], 40 lg/ml crude deoxyribonuclease I [Sigma-Aldrich], 250 ng/ml Fungizone, 100 U/ml penicillin, and 0.1 mg/ml streptomycin) and transferred to a new sterile dissociation flask. Testicular tissue was enzymatically digested for 35 min. No FBS treatment followed this second enzymatic digestion. Digested tissue was centrifuged at 450 3 g for 4 min at room temperature, and the supernatant was removed, leaving a dense pellet. The pellet was then washed twice with 10 ml of washing solution. After washing, the pellet was resuspended in 20 ml of enzyme solution 3 (Ca þþ -free/Mg þþ -free Dulbecco phosphate-buffered saline (Stemcell Technologies) containing 0.5 mg/ml trypsin (Stemcell Technologies), 0.1 mg/ml EDTA (Fisher Scientific), 4 mM dextrose (Fisher Scientific), 250 ng/ml Fungizone, 100 U/ml penicillin, and 0.1 mg/ml streptomycin) and transferred to a new sterile dissociation flask. Testicular tissue was enzymatically digested for 14 min. Twenty milliliters of the 5% FBS solution was added to the flask to stop enzyme activities. Digested tissue was centrifuged at 600 3 g for 5 min at room temperature, and the supernatant was removed, leaving a dense pellet. The pellet was then washed twice with 10 ml of washing solution. After washing, the pellet was resuspended in 5 ml of serum-free defined medium (SFDM). The cell suspension was diluted to a final concentration of .1.3 3 10 6 cells/0.2 ml SFDM. A volume of 0.2 ml of the final cell suspension was seeded into cell culture inserts, and 0.8 ml SFDM was added to the wells of the cell culture 
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plate. The cells were incubated at 348C in 5% CO 2 . Cell culture medium was changed every 2 days.
A hypotonic wash solution was applied in place of SFDM to cultured cells 2 days after seeding in order to lyse contaminating germ cells. Debris from lysed germ cells was removed during subsequent medium changes. The hypotonic wash solution was 5 or 10 mM Tris-HCl (Sigma-Aldrich) solution at pH 7.50 [41] . The hypotonic wash lasted for 2.5 min. After washing, the hypotonic wash solution was aspirated and replaced with SFDM. The cell culture plate was then gently shaken to loosen dead germ cells into SFDM. SFDM containing dead germ cells was aspirated again and was replaced with fresh SFDM.
Sertoli cells were cultured for 7 days prior to being processed for fluorescence microscopy or electron microscopy.
Composition of Serum-Free Defined Medium SFDM was made by adding the following constituents to DMEM/F12 cell culture medium (Sigma-Aldrich) to obtain the indicated final concentrations [40] : 100 U/ml penicillin; 0.1 mg/ml streptomycin; 6.7 ng/ml sodium selenite (Invitrogen); 10 lg/ml insulin (Invitrogen); 5.5 lg/ml transferrin (Invitrogen); 250 ng/ml Fungizone; 100 ng/ml recombinant human follicle-stimulating hormone (FSH; courtesy of Dr. A.F. Parlow, National Hormone and Peptide Program, Torrance, CA); 10 ng/ml recombinant human epidermal growth factor (Sigma-Aldrich); 50 ng/ml vitamin A (Sigma-Aldrich); 200 ng/ml vitamin E (Sigma-Aldrich); 10 À9 M hydrocortisone (Sigma-Aldrich); 10 À7 M testosterone (Sigma-Aldrich); 10 À8 M estradiol (Sigma-Aldrich); 2 mM L-glutamine (Invitrogen); 3 lg/ml cytosine beta-D-arabinofuranoside (Sigma-Aldrich).
Transfection of Cultures with Plasmids
Cultured Sertoli cells were transfected with DNA plasmids encoding green fluorescent protein (GFP)-tagged claudin-11, GFP-tagged connexin-43, and GFP-tagged nectin-2 for 2 days prior to fixation. The plasmid for claudin-11 was constructed as indicated below; the plasmid for connexin-43 was generously provided by Dr. Naus (University of British Columbia), and the plasmid for nectin-2 was generously provided by Dr. Julian Guttman (Simon Fraser University). Lipofectamine 2000 (Invitrogen) was used as the transfection reagent. SFDM containing no antibiotic or antimycotic agents was used during transfection. For transfection of cells in each cell culture insert designed for 24-well plates, 25 ll of SFDM was used to dilute DNA plasmid stock solutions, and 25 ll of SFDM was used to incubate Lipofectamine 2000 reagent for 10 min. The DNA plasmid and Lipofectamine 2000 solutions were mixed and allowed to incubate for 30 min, completing the transfection mixture. During this incubation, regular SFDM in the cell culture plate was replaced with antibiotic and antimycotic-free SFDM (50 ll was added to inserts and 600 ll was added to wells). After incubation, 50 ll of the transfection mixture was added to each cell culture according to the manufacturer's instructions. Cells were incubated at 348C in 5% CO 2 for at least 4 h prior to medium change with normal SFDM.
Construction of GFP-Claudin-11 Plasmids
Rat claudin-11 (Cldn11) was cloned from primary Sertoli cell cDNA into pcDNA3.1 and verified by DNA sequencing. To generate plasmid constructs expressing claudin-11 with N-or C-terminal EGFP fusions, two sets of oligonucleotide primers were designed and used to amplify by PCR the claudin-11 encoding region by using rat claudin-11 cDNA clone as the template. We used primers A and B (sequence for forward primer A, CGAATTCGCCACCATGGTAGCCACTTGCCTGCAG; sequence for reverse primer B, GGGATCCCGGACATGGGCACTCTTGGCGTG) to clone the claudin-11 encoding region that would be inserted into pEGFP-N1 (Clontech Laboratories, Inc., Mountain View, CA). We used primers C and D (sequence for forward primer C, CGAATTCGATGGTAGCCACTTGCCTG CAG; sequence for reverse primer D, GGGATCCTTAGACATGGG CACTCTTGG) to clone the claudin-11 encoding region that would be inserted into pEGFP-C1 (Clontech Laboratories). PCR products were first cloned into pCR2.1-TOPO (Invitrogen), verified by restriction digestion and DNA sequencing, and then subcloned into pEGFP-N1 and pEGFP-C1 to generate constructs expressing fusions of claudin-11 to the N and C termini of EGFP, respectively. These plasmid constructs were further verified by DNA sequencing and then used to transfect cultured Sertoli cells.
Immunofluorescence of Sertoli Cell Cultures
Sertoli cells cultured for 7 days were fixed with 3% paraformaldehyde in PBS (150.0 mM NaCl, 4.0 mM Na/K PO 4 , 5.0 mM KCl, pH 7.30) for 30 min.
After fixation, cells were washed three times with TPBS-bovine serum albumin (BSA) buffer (0.05% Tween 20 and 0.1% BSA in PBS, pH 7.30). Whole filters were cut away from cell culture inserts with a scalpel and immediately submerged in cold acetone for 5 min to permeabilize cells. Following permeabilization, cells were further washed three times with TPBS-BSA buffer and blocked for 10 min with 5% normal goat serum (NGS) (Sigma-Aldrich) in TPBS-BSA. Primary antibody solutions were then added to fixed cells and labeled at 48C overnight. Cells were again washed with TPBS-BSA solution for a total of three times. Secondary antibody solutions were then added to cells and allowed to label for 1 h at 378C. After incubation with secondary antibodies, cells were washed three times with TPBS-BSA. When needed, cells were stained with phalloidin after incubation with secondary antibodies. Whole filters were mounted on acid-cleaned glass slides in VectaShield mounting medium with 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlington, ON, Canada) to stain for nuclei.
Specificity controls for antibody staining included replacing the primary antibody with the same concentration of either normal IgG or serum from the same species in which the antibody was generated.
Immunofluorescence of Tissue
Adult male Sprague-Dawley rats were anesthetized, and testes were removed. The testes were perfused briefly with PBS to clear blood from blood vessels and then perfusion-fixed with 3% paraformaldehyde in PBS for 30 min and then with PBS for 30 min. Testes were mounted on stubs with Tissue-Tek Optimal Cutting Temperature compound (Sakura Finetek USA, Torrance, CA) and quick-frozen in liquid nitrogen. Five-micrometer-thick tissue sections were cut from testis with a cryomicrotome, and each section was immediately transferred onto a slide coated with poly-L-lysine (Sigma-Aldrich) and then submerged in cold acetone for 5 min. Slides were removed from acetone and allowed to air dry. A water-repellent circle was drawn around each tissue section with a Liquid Blocker Super Pap pen (Cedarlane, Burlington, ON, Canada) to retain liquids over the sections. Fifty microliters of TPBS-BSA buffer containing 5% NGS was added to tissue sections as a blocking agent for 20 min. After blocking, primary antibodies were applied to tissue sections and allowed to label at 48C overnight. After overnight incubation with primary antibodies, slides were washed three times with TPBS-BSA buffer. Secondary antibodies were applied to tissue sections and allowed to label for 1 h at 378C. Slides were again washed three times with TPBS-BSA. Tissue sections that would be stained for filamentous actin received diluted phalloidin solution as a second wash following incubation with secondary antibodies. Water repellent circles were removed with a razor blade. Tissue sections were mounted in VectaShield mounting medium with DAPI (Vector Laboratories) to stain for nuclei.
Antibodies and Stains
Primary antibodies were diluted with TPBS-BSA buffer containing 1% NGS. Primary antibodies from different host species were sometimes prepared together in a single solution to double label cells. Working concentrations of primary antibodies were as follows: 0.0025 mg/ml polyclonal rabbit anti-oligodendrocyte-specific protein (anti-claudin-11; code ab53041; Abcam, Cambridge, MA); 0.0025 mg/ml monoclonal mouse anti-connexin-43 (code MAB3068; Millipore, Etobicoke, ON, Canada); 1:500 dilution of rabbit anti-nectin-2; 0.0020 mg/ml polyclonal goat anti-GATA-4 (code sc-1237; Santa Cruz Biotechnology, Santa Cruz, CA); 0.00125 mg/ml or 0.0025 mg/ml polyclonal rabbit anti-Rab5 (code ab13253; Abcam); 0.02 mg/ml monoclonal mouse anti-alpha adaptin (anti-AP2; code ab2807; Abcam); 0.000315 mg/ml monoclonal rabbit anti-EEA1 (code C45B10; New England BioLabs, Pickering, ON, Canada); and 0.002 mg/ml monoclonal mouse anti-alpha smooth muscle actin (code ab7817; Abcam).
Secondary antibodies were diluted with TPBS-BSA buffer to a working concentration of 0.02 mg/ml. Either Alexa Fluor 568 phalloidin or Alexa Fluor 488 phalloidin (product A12380 and A12379, respectively; Invitrogen) was diluted 1:20 for cultured Sertoli cells and 1:5 or 1:2 for tissue sections with TPBS-BSA buffer.
Electron Microscopy
Tissue was processed for electron microscopy as described in detail elsewhere [42] , except that isoflurane instead of halothane was used for anesthetizing the animals.
Primary Sertoli cell cultures were processed using the same fixatives and buffers as those for tissue. Medium above and below the culture well insert 
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membranes was replaced with fixative at room temperature and allowed to sit for 1 h. The membrane was cut from each insert, transferred to a glass vial, and immersion fixed for an additional 1.5-2 h. The membrane then was further processed in the same fashion as tissue.
Sections were evaluated and photographed on a Tecnai G2 Spirit electron microscope (FEI North America NanoPort, Hillsboro, OR) operated at 120 kV.
Three-Dimensional Analysis of Confocal Z-Stacks
Fluorescent Z-stacks obtained with a Zeiss laser scanning confocal microscope (model 510; Carl Zeiss Microscopy, Jena, Germany) in the form of .lsm file types were imported into Volocity software (PerkinElmer, Waltham, MA). Each Z-stack was cropped in XYZ mode along the X and Y axes to isolate the cell of interest and its immediate surroundings. The stack was further cropped along the Z axis to eliminate fluorescence that would otherwise obstruct viewing the structure of interest three-dimensionally. The cropped stack was adjusted for brightness and contrast, and a three-dimensional (3D) reconstruction was generated by viewing the stack in 3D Opacity mode. Each 3D image was further adjusted for brightness, density (transparency), and black level and subsequently rotated to produce optimal viewing of the structure of interest. To orient viewers, a spherical grid and indicators for X, Y and Z axes were also included. A snapshot of each 3D image was generated as a 2D image and exported as a tagged image format file (TIFF).
Analysis of Junction Staining
An index of the amount of junction present at stages V and VII was determined by probing 5-lm thick cryosections of seminiferous epithelium with phalloidin to label actin filaments in ectoplasmic specializations or with antibodies generated against claudin-11 to label tight junctions. A total of 13 tubules of each of stage V and stage VII was randomly chosen from sections of the testes of two different animals and photographed using identical exposures. Negatives were scanned into digital format, and an area around the periphery of each tubule that contained only basal junction regions was selected. The areas in stage V and stage VII tubules were set to a predetermined threshold using ImageJ software [43] . The use of thresholding is an established technique [44] [45] [46] , and we previously have used the method to test for differences between apical tubulobulbar complexes in control and cortactin knock-down testes [31] . When set to a common threshold, the number of positive pixels remaining above the threshold was determined using the analyze particles function. The number of pixels was considered an index of the amount of junction present at basal junctions. A t-test was used to determine whether the numbers of pixels above threshold were different between stages V and VII.
RESULTS
Basal Tubulobulbar Complexes Form Within Junction ''Pockets''
In testis tissue processed for electron microscopy, basal junction complexes between neighboring Sertoli cells were identified at the ultrastructural level by the presence of unique adherens junctions, termed ectoplasmic specializations. These structures consist of regions of a submembrane layer of closepacked actin filaments and a cistern of endoplasmic reticulum (Fig. 2, a and b) . Tight and gap junctions were present within the adhesion domains and were identified by the presence of membrane kisses (Fig. 2, a and b) and closely opposed membranes, respectively (Fig. 2b) . Tubulobulbar complexes originated in zones of the cell occupied by ectoplasmic specializations (Fig. 2, c and d) and frequently appeared to be enclosed within pockets or folds in the basal junction complexes (Fig. 2, d , e, and f).
Basal Tubulobulbar Complexes Contain Morphologically Identifiable Intercellular Junctions
Basal tubulobulbar complexes were observed to have all the features of apical complexes that occur between Sertoli cells and spermatids; that is, each complex had a long proximal tubule cuffed by an actin network, and the entire structure was capped by a coated pit that retained a connection to the adjacent cell. Unlike apical complexes, the tip of the adjacent cell did not have a density associated with the plasma membrane attached to the pit (Fig. 2e) . Large bulbs or swellings developed in the distal third of the complexes and were closely related to cisternae of endoplasmic reticulum (Fig.  2, f and g ). Significantly, tight and gap junctions, recognized by the presence of membrane kisses and closely opposed membranes, similar to those found within junction complexes, were identified in both tubular regions of the complexes (Fig.  2, h and i ) and in bulbs (Fig. 2, f, g, j, and k) . These results confirm the report by Russell [15] 
In cryosections of perfusion-fixed testis double-labeled for filamentous actin and claudin-11, connexin-43, or nectin-2, rod-like protrusions were identified extending away from the Sertoli cell junction complexes that formed intense linear bands of fluorescence near the base of the epithelium. These protrusions were positive both for junction proteins and for actin (Fig. 3, a to i) .
We conclude that basal tubulobulbar complexes in the seminiferous epithelium contain tight, gap, and adhesion junction proteins.
Endocytic Markers EEA1 and Rab5 Associate with Basal Tubulobulbar Complexes
To determine whether markers for early endosomes labeled regions known to contain tubulobulbar complexes, we probed cryosections of perfusion-fixed testis with antibodies against filamentous actin and EEA1 or for connexin-43 and EEA1. Staining for EEA1 often occurred within fluorescent pockets within the basal junction complex labeled for filamentous actin (Fig. 4, a and b) or connexin-43 (Fig. 4, c and d) . EEA1 signals also were observed to cap the ends of rod-like structures, which extended from junction bands (Fig. 4e) . A similar staining pattern also was observed when material was labeled with Rab5 (Fig. 4, f and g ). When sections were labeled for actin and Rab5, staining for Rab5 occurred at the tips of linear structures labeled for actin (Fig. 4g) , similar to that which occurs at apical tubulobulbar complexes (Fig. 4g, inset) [28] .
We conclude that basal tubulobulbar complexes are associated with markers for early events in the endocytosis pathway.
Basal Junctions Are Less Apparent after Peak Appearance of Tubulobulbar Complexes
Basal tubulobulbar complexes tend to peak in their formation at stages IV-V of spermatogenesis in rat and degrade during stages VI-VII [15] . If tubulobulbar complexes are involved with internalization of junctions, then junction complexes should be less apparent at stage VII after junctions have been internalized and degraded than at stages IV-V when tubulobulbar complexes are most apparent in the epithelium. This was the case when cryosections of perfusion-fixed testis were stained for ectoplasmic specializations with a probe for actin (Fig. 5, a and b) and also was the case when similar sections were stained for tight junctions with a probe for claudin-11 (Fig. 6, a and b) .
We conclude that junctions are being reduced in size or are being degraded prior to the actual beginning of spermatocyte translocation in stages VIII-IX of spermatogenesis and that this Filamentous actin was stained with phalloidin (red) and used as a marker for tubulobulbar complexes. Nuclei of spermatids, spermatocytes, and Sertoli cells were stained with DAPI (blue). Putative basal tubulobulbar complexes appear as relatively short rod-like protrusions (white arrowheads) that extend away from threads or bands of basal junctions in the epithelium. Both filamentous actin and junction proteins (green) localized to the same rod-like structures, suggesting that putative basal tubulobulbar complexes contain junction proteins. c) A rod-like structure appears to occur within a junction pocket. d, e, and f) Rod-like structures were immunoreactive for the adhesion junction protein nectin-2. g, h, and i) Rod-like structures were immunopositive for the gap junction protein connexin-43. i) Connexin-43 staining localized to the end region of a rod-like structure, the body of which contains filamentous actin. Bars ¼ 10 lm. c, f, and i) Insets show normal rabbit IgG (NRIgG), normal rabbit serum (NRS), and normal mouse IgG (NMIgG) controls for junction protein staining. Insets in c and i were counterstained with actin (red), whereas the inset in f was not. Bars ¼ 10 lm. reduction correlates temporally with the time over which tubulobulbar complexes are most easily detected in the epithelium [15] .
Basal Tubulobulbar Complexes Form in Primary Cultures of Rat Sertoli Cells
To explore the possibility of developing an in vitro model system that would enable easy manipulation for carrying out detailed experimental studies, for better resolving structure at the light level, and for performing live-cell imaging, we evaluated primary Sertoli cell cultures for the presence of tubulobulbar complexes.
Sertoli cells isolated from 20-day-old male Sprague-Dawley rats were cultured on Matrigel-coated transwell membranes for 7 days in defined medium supplemented with FSH and testosterone. To verify that, in our hands, primary cultures of Sertoli cells morphologically differentiated as reported by others [38, 39, 47] , we evaluated the cultures for cell shape, nuclear position, and presence of cell-specific basal junction complexes.
The cells established and maintained a morphologically differentiated phenotype that varied from low to high columnar shape depending on position in the culture insert and how extensively the cells were able to mechanically manipulate the Matrigel on which they were plated (Fig. 7, a-d) . The nuclei of the cells were present at their bases, similar to that observed in intact seminiferous epithelium. When observed at the ultrastructural level, junction complexes, identified by the presence of ectoplasmic specializations, occurred near the base of the monolayer between neighboring Sertoli cells (Fig. 7e) . Membrane kisses, indicative of tight junctions, were present within the junction complexes (Fig. 7, f and g ).
Significantly, when observed by electron microscopy, tubulobulbar complexes were present between neighboring Sertoli cells in regions of intercellular contact (Fig. 8, a and b) . These structures were identified by their tubular appearance, their double-membrane core, and their cuff of actin filaments arranged in a network. The plasma membrane of the adjacent cell attached to the coated pit at the tip of each complex lacked a submembrane density (Fig. 8c) ; this also is a characteristic of basal tubulobulbar complexes found in intact epithelium (Fig.  2e) and is different from apical tubulobulbar complexes that have a density associated with the spermatid plasma membrane. In addition to more mature complexes, doublemembrane coated pits and tubulobulbar complexes in the early stages of formation were observed at ectoplasmic specializations (Fig. 8, d-g ). As in intact seminiferous epithelium, tubulobulbar complexes in primary cultures of Sertoli cells occasionally were observed within pockets or folds in basal junction complexes (Fig. 9a) .
Tubulobulbar complexes in primary cultures were oriented either perpendicular (Fig. 9, b and c) or parallel (Fig. 9, d and e) to the cell periphery. In all cases, the structures had a coated pit at their tips (Fig. 9 , a-e, arrowheads) and formed from sites at the periphery of the cells where components of ectoplasmic specializations could be identified (Fig. 9, b-d, arrows) .
Unlike in vivo, basal tubulobulbar complexes in our primary Sertoli cell cultures did not develop large bulbs in distal regions, although enlarged regions and ectopic swellings 
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associated with elements of endoplasmic reticulum were occasionally observed (Fig. 9, c and e, asterisks) .
Tubulobulbar Complexes In Vitro Contain Morphologically Identifiable Junctions
Similar to basal tubulobulbar complexes that form between Sertoli cells in vivo, high-resolution electron microscopy evaluation of tubulobulbar complexes formed in vitro revealed that they contained membrane kisses indicative of the presence of tight junctions (Fig. 10, a-c, arrowheads) .
Tubulobulbar Complexes in Primary Sertoli Cell Cultures Contain Junction Proteins
To further explore the possibility that the tubulobulbar complexes formed in primary Sertoli cell cultures contain junction proteins, primary cultures were probed for filamentous actin and for nectin-2 (Fig. 11, a-d) , claudin-11 (Fig. 11, e-h) , and connexin-43 (Fig. 11, i-l) . All immunological probes outlined the periphery of Sertoli cells in regions known to contain basal junction complexes. Significantly, rod-like protrusions that were positive for junction proteins as well as for filamentous actin were observed to arise from the cell periphery and extend into the cells (Fig. 11, arrowheads) . These linear protrusions resembled similar structures observed in vivo and were consistent with the tubulobulbar complexes observed at the ultrastructural level. When Z-stacks obtained with a confocal microscope were analyzed in 3D using Volocity software (Perkin-Elmer), these linear protrusions were verified to be tubular in nature (Fig. 11, d, h, and l) . In addition, when labeled for AP2, a clathrin-related protein, staining occurred either at or near the ends of the junctionpositive tubules (Fig. 12, a-e) , thereby confirming that the linear structures were likely tubulobulbar complexes.
Junction Proteins from One Sertoli Cell Occur in Structures That Project into Neighboring Sertoli Cells
To determine whether junction proteins from one Sertoli cell project into neighboring Sertoli cells as predicted by the junction internalization hypothesis, cultured Sertoli cells were transfected with DNA plasmids that contained sequences encoding GFP-tagged junction proteins (claudin-11, connexin-43, and nectin-2). Cells were stained with an antibody targeting GATA-4 as a somatic cell marker to immunoprobe for Sertoli cell nuclei (Fig. 13, a-e) , and some cells also were stained for actin or AP2 (Fig. 13, a and b) . Transfection efficiency in primary Sertoli cell cultures was extremely low, with only a few transfected Sertoli cells present in each culture. As a result, transfected Sertoli cells were surrounded by a pool of neighboring nontransfected, GATA-4-positive Sertoli cells. Fluorescence from junction GFP-labeled protein was primarily localized to the periphery and to some degree to the cytoplasm of transfected cells. Claudin-11-positive vesicles were observed in nontransfected cells that were associated with linear actinpositive structures extending from the periphery of transfected cells (Fig. 13a) , and these vesicles also were associated with AP2 (Fig. 13b) . Significantly, rod-like protrusions projected into neighboring nontransfected cells that were otherwise devoid of green fluorescent signal (Fig. 13, c and d) . As observed in cells labeled for actin and AP2, vesicles containing 
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GFP signal also were observed in nontransfected Sertoli cells that neighbored transfected cells (Fig. 13e) . The presence of GFP-labeled junction protein signal in Sertoli cells that were not transfected suggests that junction proteins from one cell were present in structures projecting into neighboring cells. We were not able to convincingly demonstrate the presence of endocytic markers associated with the tubulobulbar complexes because of excessive background staining.
DISCUSSION
In this study, we present evidence consistent with the conclusion that tubulobulbar complexes that form at basal sites in seminiferous epithelium are subcellular machines that internalize intercellular junctions. Also, we show that tubulobulbar complexes develop in primary cultures of Sertoli cells. The results have implications for the mechanism by which spermatocytes translocate through the blood-testis barrier during spermatogenesis and for future in vitro studies of junction remodeling by Sertoli cells.
Tubulobulbar complexes are elongated structures that develop at sites of intercellular attachment in seminiferous epithelium [14] . Each complex consists of a tubular core formed by the two attached membranes of adjacent cells, which is cuffed by a dendritic network of actin filaments [48] . The entire structure is capped by a clathrin-coated pit [48] . Distal regions of the complex swell and eventually separate from the complex, to be internalized and degraded by the Sertoli cell [49] . There is a growing body of evidence showing that tubulobulbar complexes that form at apical sites of attachment between Sertoli cells and spermatids internalize adhesion junctions. The structures contain intercellular adhesion proteins and are associated with endocytic markers [26] [27] [28] . Moreover, disruption of apical tubulobulbar complexes or their failure to form is correlated with spermiation delay or failure [29] [30] [31] , a phenotype predicted on the basis of the junction internalization hypothesis.
Tubulobulbar complexes that form at intercellular junctions near the base of the epithelium between neighboring Sertoli cells resemble those complexes present at apical sites [14] , and data presented here are consistent with a role in junction internalization. Morphologically recognizable tight and gap junctions were identified in the structures by Russell [15] in an original study of tubulobulbar complexes, and those results have been confirmed in the present study. Moreover, putative basal complexes labeled with antibodies raised against components of all three major junction types (adhesion, nectin-2; tight, claudin-11; and gap, connexin-43) when evaluated by fluorescence microscopy. In the latter immunofluorescence studies, the observation that the ends of the tubular structures are positive for the clathrin-related protein AP2 is consistent with the conclusion that the structures are indeed tubulobulbar complexes. Moreover, early endocytosis markers are found in the same locations as basal complexes and in some cases have the same staining patterns as those associated with apical complexes [27, 28] . These results together strongly support the conclusion that basal tubulobulbar complexes likely internalize junctions. Significantly, ultrastructural data from conventional transmission electron microscopy indicate that junction proteins in adjacent membranes do not entirely disengage from each other prior to being incorporated into tubulobulbar complexes. Although junction proteins in adjacent membranes can remain attached to each other as they are incorporated into tubulobulbar complexes, freeze fracture images of double-membrane vesicles presented by other studies [50] suggest that the junctions likely become fragmented laterally within the plane of the membrane and therefore no longer contribute functionally to basal junction complexes. The conclusion that junction proteins from one cell are internalized together with junction proteins from the adjacent cell by tubulobulbar complexes is consistent with the ultrastructural findings. It also is consistent with the data from our in vitro studies where GFP-tagged proteins in transfected cells occurred in structures that project into adjacent nontransfected cells that otherwise were devoid of GFP signals.
As far as we know, this is the first study to report that tubulobulbar complexes form in morphologically differentiated primary cultures of Sertoli cells. Primary cultures have been used to study Sertoli cell structure and function for many years [18, 41, [51] [52] [53] [54] [55] [56] [57] [58] . Of particular significance has been the use of inserts together with matrix and hormones to enable the cells to morphologically differentiate [38-40, 47, 59] . Although these primary cultures have been used extensively to study intercellular junctions, the presence of tubulobulbar complexes in these systems has not been demonstrated.
Here we show that the tubulobulbar complexes that develop in morphologically differentiated primary cultures are tubular in nature, composed of the attached plasma membranes of two adjacent Sertoli cells, form in association with basal junction complexes, are capped by coated pits, cuffed by an actin network, and can occur in folds or pockets in basal junctions. Moreover, like their in vivo counterparts, the structures contain ultrastructurally identifiable junctions and also label positively for junction proteins by immunofluorescence microscopy. One interesting feature of the complexes that formed in culture is that they failed to develop the large terminal bulbs characteristic of the complexes in vivo, although some of the structures did enlarge near their ends and were somewhat related to cisternae of endoplasmic reticulum. The failure to develop fully mature bulbs may indicate that the culture system does not completely replicate in vivo conditions. One obvious missing feature of the culture system is the absence of the complex somatic/germ cell interactions that occur in the fully intact seminiferous epithelium.
Our novel finding that tubulobulbar complexes form in primary cultures of Sertoli cells indicates that basal tubulobulbar complexes may be involved with constitutive junction turnover in Sertoli cells, a conclusion consistent with the observation that basal tubulobulbar complexes are present at all stages of spermatogenesis in vivo [15] .
The report that basal tubulobulbar complex formation dramatically peaks at stages IV-V in rat seminiferous epithelium [15] has renewed significance when viewed within the context of junction remodeling relative to spermatocyte translocation from basal to adluminal compartments during stages VIII-IX. Basal junction remodeling appears to begin much earlier than the actual physical translocation of spermatocytes through the junctions and much earlier than previously appreciated. Our observation that there is consid- erably less junction (actin in ectoplasmic specializations and claudin-11 in tight junctions) present at stage VII than at stage V and that the difference in pixels remaining above threshold between the two stages is statistically significant, is consistent with the hypothesis that tubulobulbar complexes internalize junctions. The temporal separation of peak tubulobulbar complex formation and physical translocation of spermatocytes [15] indicates that junction remodeling related to spermatocyte translocation may be a multistep process beginning with a reduction in the amount of junction present through the action of tubulobulbar complexes that begins well before stage VIII, the upward movement of spermatocytes starting in stage VIII, the formation of new junctions inferior to the translocating spermatocytes beginning in stage VIII [60] , and the final disassembly of junctions (possibly by tubulobulbar complexes) above the spermatocytes eventually leading to their entry into the adluminal compartment. This is different from the canonical model of spermatocyte translocation proposed by Russell [12] that simply involves unzippering of junctions above and the reformation of new junctions below the translocating spermatocytes.
Significantly, the fact that the peak formation of tubulobulbar complexes at basal sites precedes that at apical sites indicates that junction remodeling associated with spermatocyte translocation actually begins prior to that associated with spermiation. This has implications for current models of the interaction between these two events [23] . It also is interesting that the peak in basal tubulobulbar complex formation occurs at FIG. 11 . Confocal (single-plane) images of putative tubulobulbar complexes between cultured Sertoli cells. Single-channel images (a and b) and resulting merged image (c) showing a rod-like protrusion extending away from the cell periphery. The rod-like protrusion is positive for filamentous actin, as well as nectin-2, and resembles apical tubulobulbar complexes that were probed for the same junction elements (arrowhead in inset). Single-channel images (e and f) and the resulting merged image (g) showing a rod-like protrusion extending away from the cell periphery. The rod-like protrusion is positive for filamentous actin, as well as claudin-11. Bars ¼ 5 lm. Single-channel images (i and j) and the resulting merged image (k) showing a rod-like protrusion extending away from the cell periphery. The rod-like protrusion is positive for filamentous actin, as well as connexin-43. Bars ¼ 5 lm. d, h, and l) Single snapshots of three-dimensional reconstructions of Z stacks from which the single planes in c, g, and k were obtained. The three-dimensional reconstructions were rotated to different angles to show that the protrusion is in fact rod-like and not part of a junction band. White spherical grids and axes x, y, and z are included in the figures to show that these images are from three-dimensional constructions. Bars = 10 lm and 5 mm (inset in c).
roughly the same stages of spermatogenesis where elongated spermatids are moved to their deepest point in the epithelium. Any functional interrelationship between entrenchment of spermatids and basal junction remodeling remains to be determined.
Unlike at apical sites where a link between tubulobulbar complex formation and spermiation has now been fairly well established, the link between the function of tubulobulbar complexes and spermatocyte translocation at basal sites is less substantiated. If tubulobulbar complexes are indeed related to junction restructuring associated with spermatocyte translocation, then disruption of basal tubulobulbar complexes should compromise spermatocyte translocation. This prediction has not yet been verified experimentally.
We conclude that tubulobulbar complexes that form in areas of contact between Sertoli cells likely internalize elements of the basal junction complex. Our results are consistent with the junction internalization hypothesis of tubulobulbar function generally in the seminiferous epithelium and add a new dimension to our understanding of basal junction remodeling in the seminiferous epithelium as it relates to spermatocyte translocation. The observation that tubulobulbar complexes develop in morphologically differentiated primary cultures of Sertoli cells indicates that with further refinements, possibly involving co-culture with specific stages of spermatogenic cells, the system may be a valuable model for studying the process of junction remodeling in vitro. 
